This study was undertaken to further clarify the relationship between seed development and monocarpic senescence of sunflower (Helianthus annuus L.). Field-grown plants with and without seedheads were evaluated for rate and duration of accumulation of dry weight, reduced N, and P by whole shoots, and for partitioning of these constituents within the individual plant parts.
Senescence can be viewed as a series of degenerative processes that lead to diminished metabolic activity and ultimately plant death. While the cause of plant senescence remains elusive, development of reproductive structure(s) has long been implicated (16, 20) . Indeed, one widely used method of altering senescence has been removal of fruit(s) or elimination of reproductive parts (14) . However, a number of recent studies involving elimination of reproductive structures from soybean, maize, and sunflower indicates that the association between seed development and plant senescence may not be as close as originally thought.
For soybean, pod removal invariably results in retention of leaves and leaf color (14, 15) . Although some researchers have interpreted this response as a delay in leaf senescence (14, 16, 17) , others have suggested that the presence of pods changes only the course of senescence and does not alter its initiation 'This study was a part of Project No. 15-0371 of the Agricultural Experiment Station, College of Agriculture, University of Illinois. (9) . In addition, work by Wittenbach (23, 24) has suggested that, despite retention of Chl, leaves of depodded plants undergo functional senescence because they change from a photosynthetic source organ to a storage organ. In any event, developing seeds do not seem to have much influence on overall assimilatory activity as Crafts-Brandner et al. (8) reported that pod removal had no effect on the magnitude or rate of accumulation of dry matter (net photosynthesis) or reduced N by whole shoots. In podless soybean plants, the accumulation of these constituents in leaves and stems completely compensated for lack of seeds (8) . Recently, the relationship between developing seeds and senescence of soybean has been further complicated by reports ofcultivar differences in the rate of photosynthesis and carboxylase activity following pod removal (10) .
For maize, ear removal (or prevention of pollination) has been reported to accelerate, have no effect, or to delay leaf senescence with the divergent responses being associated primarily with genotype (3, 6, 7, 21, 22) . Regardless ofsenescence type, ear removal results in an earlier decline in leaf carbon exchange, but at different rates for different genotypes (5, 1 1). Although buildup of carbohydrates (1, 3) or accelerated loss of leaf nitrogen (4) have been implicated as causal factors of ear-removal-induced leaf senescence, evidence to support either mechanism is not convincing. With regard to whole plant senescence, studies with maize have shown that, regardless of senescence type, ear removal results in a significant decrease in net photosynthetic activity and N assimilation with both processes being reduced by at least 40% (4, 7) . In the absence ofthe developing ear, the stalk, but not the leaves, serves as the alternate sink for carbohydrate and reduced N.
For sunflower, Purohit (18) reported that flower removal slowed the degradation of leaf Chl and consequently delayed leaf senescence. However, we recently reported that the rate of leaf senescence following seedhead removal from sunflower was influenced by the growing environment (13) . In an attempt to further clarify the influence of seed development on the senescence of sunflower, and as an extension of the study on leaf senescence (13) , the objectives of this study were to examine the effect of seedhead removal from sunflower on (a) the rate and duration of accumulation of dry matter, reduced N and P by whole shoots, and (b) the partitioning of these constituents among the various plant parts. ming the values for leaves and stems. The duration and rates of net photosynthesis, N assimilation, and mineral uptake capacity were approximated by changes over time in the accumulation of dry weight, reduced N, and P by the whole shoot.
MATERIALS AND METHODS
For determination of reduced N and P concentrations, 100 mg of dry ground material was digested and analyzed as previously described ( 12) . For analysis of isotopic N, a separate sample containing 1 mg of N was subjected to salicylic acid predigestion (to include nitrate) prior to acid digestion with K2SO4-catalyst (2). An aliquot ofthe acid digest was then steam distilled into HCI and the sample dried prior to isotopic N determination. Tissue atom percent '5N excess was determined by the USDA-Agricultural Research Service, Northern Regional Research Center, Peoria, IL using a stable-isotoperatio mass spectrometer.
The data were analyzed by analysis of variance procedures 2Abbreviation: DBF, days before flowering. and significant differences among sampling dates and treatments were observed for all parameters measured. The pooled error mean squares from analysis of variance were used to calculate the LSDs (P s 0.05) shown on the figures, because the data had homogeneous error terms for sampling dates and treatments as indicated by Bartlett's test. The LSDs are applicable between treatments within time and within treatments across time.
RESULTS

Whole Shoot
Seedhead removal caused an initial decrease in the rate of dry matter accumulation between 3 DBF and 8 DAF (Fig.  IA) . As a result, whole shoot dry weight of deheaded plants lagged behind that of headed plants between 8 and 42 DAF. However, the maximum dry weights attained by both treatments was similar because headed plants reached their maximum dry weight by 42 DAF while headless plants continued to accumulate dry matter until 49 DAF. For headed plants, the maintenance, or slight increase, in stover (leaves and stem) weight throughout the seed filling period indicates that literally all of the seed dry weight was derived from current photosynthesis (Fig. 1A) . The small decline in whole shoot dry weight of headed plants between 42 and 49 DAF resulted from abscission of lower leaves which were not collected.
In contrast to dry weight accumulation, head removal initially had minimal effect on the accumulation of whole shoot reduced N (Fig. IB) . However, between 15 and 32 DAF headless plants experienced a quiescent period in reduced N accumulation while whole shoots of headed plants accumulated 0.53 g of reduced N. After 32 DAF, headless plants exhibited a substantial increase in the rate of reduced N accumulation acquiring an additional 1.30 g of reduced N by maturity compared to only 0.42 g for headed plants. Thus, although both headed and headless plants ultimately accumulated similar amounts of whole shoot reduced N, they differed in the portion ofthe seed-filling period when the bulk of this N was acquired.
For headed plants, the stover reduced N content declined 39% during the seed-filling period with nearly all of this loss occuring between 22 and 32 DAF (Fig. 1B) . Estimates made from changes in stover and grain reduced N contents between 3 DBF and 42 DAF, indicated that 25% of the grain N was derived from the stover.
The effect of head removal on the accumulation of whole shoot P was intermediate to that of dry weight and reduced N (Fig. 1, A-C) . Similar to dry weight, headless plants exhibited an initial decrease in the rate of whole shoot P accumulation that accounted for lower P contents (until 42 DAF) of headless compared to headed plants. However, similar to reduced N, the rate of P accumulation by headless plants increased markedly between the period 32 and 49 DAF such that by maturity headless plants contained more whole shoot P than headed plants.
For headed plants, whole shoots continued to accumulate P up to physiological seed maturity (Fig. I C) . This seed maturity. Although stover P content declined slightly between 8 and 42 DAF, comparison with increases in seed P over the entire filling period indicated that the bulk (greater than 90%) of seed P was derived from current uptake.
Leaves
The general patterns of change in dry weight, reduced N, and P in leaves of headed and deheaded plants during the seed filling period (Fig. 1, D-F ously reported for an individual leaf (13) . Head removal resulted in increases in dry weight, reduced N, and P in the leaves but the timing and patterns of change varied for each of the parameters. Although the difference in leaf dry weight between headless and headed plants widened as the seed-filling period progressed, the relative increases following head removal occurred at two distinct rates (Fig. 1 D) . Between 3 DBF and 32 DAF leaves of headless plants increased in dry weight at a rate of approximately 0.6 g/d, compared to a rate of increase of 1.7 g/d between 32 and 49 DAF. Overall, head removal increased the dry weight of leaves by 51 g over that present at 3 DBF with 57% of this increase occurring during the final third of the experimental period. In contrast to headless plants, the leafdry weight ofheaded plants remained relatively constant throughout the seed-filling period.
After an initial increase, the reduced N content in leaves of headless plants remained constant until 32 DAF followed by another increase between 32 and 49 DAF (Fig. 1E) . Overall, the leaves of headless plants gained 0.75 g of reduced N which represented a 53% increase over the amount present at 3 DBF. For headed plants, the leaf reduced N content remained relatively constant until 22 DAF and then declined steadily so that at seed maturity leaves contained about half the level of reduced N present at flowering.
In contrast to dry weight and reduced N content, head removal had no immediate effect on P content as leaves of both treatments contained similar amounts of P until 22 DAF (Fig. IF) . After 22 DAF, leaf P of headless plants increased rapidly while leaf P ofheaded plants exhibited a slight decline. At maturity, leaves of headless plants contained 3.6-fold more P than headed plants.
Stems
The marked and immediate increases in dry weight, reduced N, and P in stems of headless plants, relative to headed controls, showed that the stem severed as an alternate sink in the absence of the developing seedhead (Fig. 1, G-I) . In contrast, the relatively constant levels (followed by slight increases near the end of the seed-filling period) of all three parameters in stems of headed plants indicated that the stem served primarily as a conduit for the movement of materials from the leaves to the seeds.
Stems of headless plants increased in dry weight at a constant rate (1.83 g/d) throughout the experimental period and by seed maturity had more than doubled in dry weight (Fig.  IG) . Similar to the pattern in whole shoot reduced N accumulation, stems of headless plants exhibited two periods of increase with a quiescent period between 15 and 32 DAF (Fig.  1H) . Overall, stems of headless plants accumulated 1.55 g of reduced N which represented a 4.8-fold increase over the amount present at 3 DBF. For headless plants, the pattern (two periods of increase with a quiescent period) and magnitude (4.8-fold) of increase in stem P content were similar to changes in stem reduced N content (Fig. 1, H and I ).
Partitioning
The partitioning of dry matter between leaves and stems of headless plants remained constant during the experimental period with approximately one-third ofthe dry matter present in leaves and the remaining two-thirds in stems (Table I) . In contrast, during the first 32 d of seed development for headed plants, the allocation of whole shoot dry matter to the leaves and stems declined (32 and 19% for leaves and stems, respectively) while the amount partitioned to seedheads increased (50%). At maturity, the seedhead contained nearly half the whole shoot dry matter of headed plants, while the dry matter in stems constituted the majority (72%) of the remainder.
For headless plants, the pattern of reduced N partitioning between leaves and stems gradually changed over the experimental period (Table I) . Between 8 and 49 DAF, the proportion of whole shoot reduced N in leaves of headless plants declined 25% while the proportion present in stems increased 64%. Although the proportion of reduced N partitioned to leaves also declined for headed plants, the magnitude of loss was much greater (almost threefold) than in headless plants. As in deheaded plants, there was some indication that the stem of headed plants acted as a storage reservoir for excess N. Following a marked decrease in the proportion of whole shoot reduced N in stems of headed plants between 22 and 32 DAF, the N partitioning to stems gradually increased. This increase was presumably the result of N being remobilized from the leaves which was not used by the developing seedhead. The amount of reduced N partitioned to seedheads of headed plants increased rapidly (85%) between 15 and 32 DAF and then remained relatively constant through to physiological maturity.
With the exception of values at 8 DAF, the partitioning of whole shoot P in deheaded plants was similar to dry matter partitioning with approximately one-third of the P present in leaves and the remaining two-thirds in stems (Table I) . For headed plants, the allocation of P to leaves and stems declined during the seed-filling period (especially between 22 and 32 DAF) and at maturity seedheads contained approximately 80% of the whole shoot phosphorus.
Nitrate Uptake during Seed Fill
In agreement with whole shoot reduced N data (Fig. 1B) , measurements of 5N in shoots of headed and headless plants at 49 DAF (from a soil application concurrent with seedhead removal) indicated that seedhead removal had no effect on the total amount of postflowering N assimilation (Table II) . The final partitioning of postflowering absorbed '5N was also similar to that of whole shoot reduced N (Tables I and II) (Fig. 1, A-C) . Use of '5N-labeled nitrate confirmed that headed and headless plants absorbed similar amounts of N during the postflowering period (Table II) . For dry matter, the accumulation rate was initially (between 3 DBF and 8 DAF) decreased by seedhead removal, but rapidly recovered to a rate equal to that of headed plants (Fig. IA) . In contrast, the accumulation rates of reduced N and P were markedly affected by seedhead removal with headed plants accumulating the bulk of these constituents during the first half, and headless plants the bulk during the second half of the experimental period (Fig. 1, B and C).
In the absence of developing seedheads, both leaves and stems served as alternate sinks for dry matter, reduced N, and P, but the relative proportions varied as a function of constituent and growth stage (Table I) . For dry matter and P, the partitioning between leaves and stems of headless plants remained relatively constant throughout the experimental period with the stem acting as the primary alternate sink (approximately two-thirds of the total for both constituents). Although leaves acted as the major alternate sink for reduced N, the proportions between leaves and stems steadily changed with advancing maturity. In contrast to headed plants, the declining proportion of reduced N partitioned to leaves of headless plants appears to be due to preferential partitioning to the stems rather than to remobilization from the leaves (Table I ; Fig. 1, E and H) .
The effect of seedhead removal on constitutive changes in whole shoots of sunflower plants are unique to those previously reported for maize and soybean (6, 8) . For soybean, pod removal had no effect on the rate or magnitude of dry matter and reduced N accumulation, but did result in lower accumulation of whole shoot P (8) . Unlike sunflower, the accumulation of dry matter, reduced N, and P ceased at approximately the same time for both podded and depodded soybean plants (8) . Also, in contrast to sunflower, ear removal from several maize hybrids resulted in decreased (approximately 40%) accumulation of whole shoot dry matter, reduced N, and P, and generally led to early cessation in the accumulation of these constituents (6) . Based on these differences in response to elimination of reproductive structures it is clear that developing seeds do not play a universal role in controlling plant senescence. Rather, reproductive control over the senescence process seems to be a primarily a function of plant species, but can also be modified by environment or cultivar (10, 13, 20) .
Based on the extended duration of dry matter, reduced N, and P by whole shoots of headless plants for an additional 7 d (Fig. 1, A-C) , it can be inferred that seedhead removal delayed leaf senescence of sunflower. However, because sampling was terminated upon physiological maturity of headed plants (at 49 DAF), it is unclear if headless plants would have continued to accumulate these constituents, or if they had attained their maximum storage capacity. Some support for the latter conjecture can be inferred from our previous investigation (13) which showed that a selected leaf of headless plants exhibited rapid senescence symptoms (loss of Chl and soluble protein) between 44 and 58 DAF. Therefore, it seems unlikely that headless plants were capable of continued assimilatory activity past 49 DAF. These data suggest that sunflower plants attain their maximum assimilatory capacity sometime near flowering, and the subsequent filling of this capacity is independent of seed development.
